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ABSTRACT Grazing by domestic livestock is ubiquitous in the sageidstemisia spp.) biome of western
North America. Widespread, long-term population declinas greater sage-grouse (Centrocercus
urophasianus) have elicited concern about negative sftédtvestock grazing on sage-grouse populations.
Hypothesized relationships, mostly untested, betweestldck and sage-grouse nesting ecology have played
a prominent role in shaping public land livestock grazintigyaand broader discussions about management
of grazing in sagebrush ecosystems. We tested predictiigsisgafrom several commonly hypothesized
mechanisms by which livestock may affect nesting habitalityjufor sage-grouse in a grazed landscape in
central Montana, USA. We employed Bayesian variable selechethods to identify factors related to both
nest site selection and nest success, focusing on indickgestiock use at local and pasture scales and
including other factors known to influence nesting ecolagshsas anthropogenic features and weather. In
spite of some evidence nest survival was positively assatiaith senesced vegetation height, evidence for
effects of livestock presence and indices of local livasigge on nest site selection and survival was equivocal
at best. In contrast, we found strong evidence that femellested nest sites based on relatively static features
such as sagebrush cover and distance from gravel and pags] wehereas nest failure was driven primarily by
extended periods of heavy precipitation. Management @&-ggguse nesting habitat in this region should
focus on conserving areas of adequate shrub cover and piraydarther fragmentation by road® 2018
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Greater sage-grouse (Centroceraus urophasianus), grountiumans, sage-grouse habitats nonetheless contain economi
nesting sagebrush (Artemisia spp.)-obligate birds of thecally important resources including renewable and non-
western United States and Canada, have declined imenewable energy sources and livestock forage. Idengifyin
abundance since population surveys began in the mid<auses of reduced reproduction or survival will help manage
20th century (Connelly and Braun 1997, Schroeder et alimplement steps to reverse population declines and obviate
2004). Historical and ongoing loss and fragmentation ofthe need for protections under the Endangered Species Act
sagebrush-dominated landscapes from conifer encroachthat could trigger broad restrictions on land use.

ment, invasive annual grasses and fire, sagebrush eradicati D omestic livestock grazing occurs throughout the range of
cropland conversion, urbanization, and infrastructure ar sage-grouse and has been suggested as a potential camrtribut
largely responsible for reducing the occupied range byiypear to declines (Connelly and Braun 1997, Monroe et al. 2017).
50% (Knick et al. 2003, Schroeder et al. 2004, Aldridge et al.Historically, poorly managed livestock grazing contriedit
2008, Miller et al. 2011, Wisdom et al. 2011). H owever, even to widespread changes in sagebrush vegetation communities
populations in relatively intact landscapes have declinedwith negative implications for sage-grouse habitat qualit
(Nielson et al. 2015, Edmunds et al. 2017), suggestingncluding spread of exotic annual grasses, decreasedmaten
factors such as disease and fine-scale habitat degradadipn mgrass cover, and increased dominance of shrubs (Mack 1981,
still pose widespread threats. Though sparsely populaged bChambers et al. 2007, Boyd et al. 2014). However, greater
understanding of rangeland ecology in conjunction with
environmental laws guiding administration of public lands
grazing have improved range condition throughout the
western United States (Holechek 2011), and evidence
'E-mail: joe.smith@umontana.edu suggests complete removal of grazing is unlikely to reverse
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legacies of historical overuse (West et al. 1984; Manier andtemperature in Roundup, Montana (1981-2010) ranging
Hobbs 2006; Davies et al. 2009, 2016). Thus, relevantfrom 2.8C in December to 30& in July and annual
discussions of contemporary effects of livestock grazing o precipitation averaging 359mm (National Centers for
sage-grouse focus on shorter-term impacts of herbivory andEnvironmental Information 2017). Annual precipitation
presence of grazing animals on sage-grouse behavior anduring the study ranged from 265 mm in 2012 to 485 mm in
vital rates. For example, positive associations between th 2014 (Fig. S1, available online in Supporting Information)
height of grass surrounding the nest and nest success ha¥egetation was characterized by Wyoming big sagebrush
indirectly implicated livestock grazing as a potentialsaof  (Artemisia tridentata wyomingensis) and silver sagebri#sh
increased nest predation (Gregg et al. 1994, Connelly et alcana) co-dominant with a mix of rhizomatous and caespitose
2000, Doherty et al. 2014). Further, it has been suggestegerennial grasses. Dominant grazersincluded domestie cat
that the presence of livestock near nests may increase ne@Bos taurus) and sheep (Ovis aries), pronghorn (Antilecapr
abandonment (Rasmussen and Griner 1938, Patterson 195&mericana), desert cottontails (Sylvilagus audubonibjitey
Coates et al. 2008) and that presence of cattle attractwiled jackrabbits (Lepustownsendii), meadow voles (bics
common ravens (Corvus corax), a major nest predator of sagggennsylvaniaus), and grasshoppers (order Orthopterap-Co
grouse, and may thereby increase nest predation (Coatemson predators of sage-grouse or their nests included @yote
et al. 2016). (Canislatrans), bobcats (Lynx rufus), badgers (Taxideas)a
However, few studies have directly tested for links betweenred fox (Vulpes vulpes), and common ravens. Other
grazing and sage-grouse demographic rates (Dettenmaigsalliformes included sharp-tailed grouse (Tympanuchus
et al. 2017). A recent study found a broad-scale associatiophasianellus) and grey partridge (Perdix perdix). Thestud
between reported levels of early season grazing and sagerea encompassed 30 sage-grouse leks withdisplaying
grouse population growth and suggested grazing before omale recorded ind year between 2011 and 2016 and
during the nesting and brood rearing seasons may reducgpanned portions of 2 state-designated core areas of high
hiding cover critical for successful reproduction (Monroe sage-grouse abundance. Median high male counts on area
et al. 2017). Other recent studies, however, suggest théeks ranged from 7 in 2014 to 25 in 2016.
association between herbaceous hiding cover and nesssucce Primary land uses in the study area were livestock grazing
in sage-grouse may have been overestimated in previouand dryland farming. Rotational grazing systems were
analyses, as many used methods susceptible to producinmplemented on 10 area ranches during the study (details
spurious inference (Gibson et al. 2016, McConnell et al.in Smith et al. 2018a). These grazing systems, administered
2017, Smith et al. 2018b). Others have found that foragethrough the United States Department of Agriculture's
utilization levels far beyond what is generally observed in Natural Resources Conservation Service (NRCS), were
sagebrush ecosystems would be required to substantiallgesigned to increase hiding cover and food availability for
reduce hiding cover available to birds nesting beneathbshru sage-grouse and adhered to a set of common standards.
(France et al. 2008). Thus, additional tests for effects ofStocking rates were set to achiewb0% utilization of
livestock grazing on nest success at meaningful scales areurrent years growth of key forage plants, duration of
needed to inform management. grazing was limited to<45 days, and season of use was
We studied sage-grouse nests in a grazed landscape ithanged each year such that there was at least 20 days
central Montana, USA, to test for effects of livestock gnagzi  between the current years turn-in and the previous year's
on nest success, a key demographic rate for populationurn-out dates if season of use was delayed or between the
growth (Taylor et al. 2012) that is the focus of several current year'sturn-out and the previous year's turn-iredét
hypothesized relationships between livestock grazing andeason of use was advanced. Most participating ranches
sage-grouse demography (Beck and Mitchell 2000). Ourelected to restlfi20% of identified sage-grouse nesting
objectives were to quantify evidence for the following habitat on an annually rotating basis. Rested pastures were
hypotheses: livestock use is negatively associated with ne left ungrazed for 2 full nesting seasons. Non-participatin
site selection, herbaceous vegetation height and cover ianches used a variety of management strategies but in
positively associated with nest site selection and nesessc  general were managed less intensively (i.e., with a season-
and livestock use within pastures or in close proximity to long grazing strategy or slower rotations through larger
nests during the nesting season is negatively associated wi pastures, usually without annual changes in season of use).
nest success. We also tested for effects of anthropogeni€wo ranchesin the study area grazed cattle and sheep and the
disturbance, primarily roads and cropland in our study,arearest grazed cattle exclusively; our study is therefore most
and weather to facilitate comparison of effect sizes amongelevant to cattle grazing. Ten percent of the study area was
grazing variables and other factors related to sage-grousi cropland. The data presented here were collected from
nesting ecology. April 2011 to August 2016.

STUDY AREA

_ METHODS
Our study area in central Montana (46.848 108.543W,
(3,500 knf; Fig. 1) is characterized by rolling topography Field Methods
and elevations ranging from 975m to 1,250 m. Climate in We captured female sage-grouse using spotlights and hoop
the region was cold semi-arid, with average maximum dailynetting from all-terrain vehicles (Wakkinen et al. 1992)rr
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Figure 1. Studyareain central Montana, USA. Greater sagasg core areas are indicated by gray polygons and leksdicaied by black circles, with size of
circles proportional to the highest male count recordethf2®11-2016. Inset map shows location of study area (sténjmihe current range of sage-grouse
(gray shading), and isopleths indicate the average prigwodf annual rainfall occurring between 1 April and 31 June.

March to April in 2011-2016 and August to September in (30 m) because the importance of sagebrush as a nest sabstrat
2012-2015 and affixed 25-g necklace-style very highand sagebrush cover surrounding nests have been firmly
frequency (VHF) transmitters (Advanced Telemetry Sys- established by numerous studies of nest site selectiomes sa
tems, Isanti, MN, USA) to captured females. We monitored grouse (Hagen et al. 2007). At points meeting these crjteria
pre-nesting females at least twice weekly until they began t we selected the nearest sagebrush shi@cm in height to
make localized movements indicative of nesting behavior, adesignate the nest shrub (Connelly et al. 2000). We sampled 2
which point we reduced our monitoring interval to daily if available points for each nest.
possible. We attempted to locate nests from a distance of
(Ao m without flushing females. We marked nests with Model Covariates
inconspicuous natural materials at a distance of approxi-We examined covariates falling into 4 categories: localesc
mately 10 m and thereafter monitored nests every 2—3 daysegetation surrounding the nest, livestock grazing véegb
from a distance of£100 m. We classified nests as successfulanthropogenic disturbance, and weather (Table 1). We
(LA hatched egg with membrane detached) or failed (all eggscreened candidate variables for collinearity using diorli
destroyed or missing) once the female moved away from théndices (Belsley et al. 1980). If we observed a conditiorexd
nest. All animal handling was approved under University of > 30, we examined the variables implicated by higt0(5)
Montana’s Institutional Animal Care and Use Committee variance decomposition proportions and removed them one
(Protocol 011-14DNWB-031914). at a time, retaining the variable with the simplest biolagic
We returned to nests following cessation of incubation interpretation, until all condition indices wexe30 (Belsley
activity to measure vegetation, grazing, and anthropageni et al. 1980). Because one of our primary goals was to elueidat
disturbance attributes. We made identical measurements ahe relative effect sizes of variables across categoriescaled
locations randomly generated in a geographic informationand centered all variables to O mean and unit variance before
system (GIS) to quantify resources available to nestingfitting models.
females. In drawing these samples, we imposed several Local-scale vegetation.—W e established vegetation plbots
criteria relevant to the behavior of female sage-grousenests and available points with 2, perpendicular 30-m tapes
selecting a nest site (third and fourth order; Johnson 1980)intersecting at the nest shrub. We estimated canopy cover of
We generated available points within 6.4km of leks from sagebrush and other shrubs with the line intercept method
which we captured females because other studies havalong both tapes (Canfield 1941, Wambolt et al. 2006). We
shown the large majority of nests are placed within thisestimated cover of understory vegetation, height of liveé an
distance (Holloran and Anderson 2005, Coates et al. 2013)senesced grasses, and height of shrubs with measurements
We further constrained available points to areas Wi%##6  taken at 8 points located 3 m and 6 m from the plot center in
visually-estimated sagebrush canopy cover at the ploe scaleach cardinal direction. We estimated understory cover and
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height at this scale because previous research foundnaximum height (h), maximum width (m), and greatest
relationships between herbaceous vegetation structute anwidth perpendicular to the axis of the maximum width (p) of
nest site selection and success were strongest at a sioalar s the nest shrub to calculate nest shrub volume using the
(7.5m; Aldridge 2005). At each of these 8 points, we used aformula for the volume of a haIf—eIIipsoicgp%“gh). When
20[£50-cm quadrat (D aubenmire 1959) to estimate absolutéhe nest was located beneathl shrub with a contiguous
percent cover of understory herbaceous vegetation ,latet  canopy, we treated the shrubs as a single shrub for
bare ground. We made absolute cover estimates beneath timeeasurement purposes.

shrub canopy and included only the uppermost canopy when Livestock grazing.—To quantify intensity of livestock
overlapping canopies occurred. We recorded the maximunpresence and grazing during the nesting season, we counted
vertical height, excluding inflorescences, of undisturldesl  cattle dung pats and estimated the proportion of herbaceous
and senesced material on the nearest grass plant, and tipdants grazed within a 15-m radius of each nest shrub or
tallest live portion, excluding inflorescences, of the eetr available point. Density of dung pats may be indicative of
shrub. A single lead observer trained all technicians topatterns of forage utilization and vegetation structurgreas
estimate cover each year and periodically checked thrautgho grazed by livestock (Bailey and Welling 1999, Roche et al.
the season for consistency (i.e., individual estimatekiwit 2012) but also contains information about livestock presen
(8% for all cover classes). We estimated visual obstructionindependent of grazing. We recorded the total number of
with a Robel pole (Robel et al. 1970) placed in the nest bowldung pats and categorized them as current year or previous
and at points 1 m, 3m, and 5m from the nest shrub in eachyears, which we distinguished by the level of degradatiah an
cardinal direction, taking readings from 4 m at a height of oxidation. We used dung pats from the current year to index
1 m above the ground facing toward the nest bowl (modifiedlocal use by livestock during the current nesting season
from Martin et al. 1997). We averaged the 4 readings frombecause livestock turn-out dates in our study area coidcide
each direction at the nest bowl to quantify visual obstarcti  closely with the beginning of the nesting season. We used
at the nest, and averaged the 12 readings 1-5 m from the nesbunts of dung pats from previous years to index intensity of
to quantify visual obstruction at the plot. We measured theprevious years' livestock use, which we used as a candidate

Table 1. Candidate variables for models relating local teggen, livestock grazing, anthropogenic disturbancel aeather to nest site selection and nest
survival of greater sage-grouse in central Montana, USA12Q0016.

Category Variable Sourcé Selectiof? SurvivaP
Local vegetation Nest shrub volume 1 yes yes
Visual obstruction at the nest shrub 1 yes yes
Visual obstruction at the plot 1 yes yes
Shrub cover 1 yes yes
H erbaceous cover 1 ye§ yeéj
Shrub height 1 yes yed
Live grass height 1 ye$ yed
Senesced grass height 1 yes yes
Grazing Cow pat density (previous grazing seasons) 1 yes no
Cow pat density (current grazing season) 1 yes yes
Proportion of plants grazed 1 yes yes
Livestock presence in pasture 1 no yes
Anthropogenic disturbance Distance to major road 2 yes yes
In(distance to major road) 2 yes yes
Distance to 2-track 1,2 yes yes
In(distance to 2-track) 1,2 yes yes
Distance to cropland 3 yes yes
In(distance to cropland) 3 yes yes
Cumulative disturbance footprint 4 yes yes
W eather Precipitation (daily) 5 no yes
Precipitation (previous day) 5 no yes
Precipitation (2-day sum) 5 no yes
Precipitation (3-day sum) 5 no yes
Precipitation (4-day sum) 5 no yes
Precipitation (5-day sum) 5 no yes
Min temperature (daily) 5 no yes
Max temperature (daily) 5 no yes

& Sources: Yfield measurement; ZU.S. Census Bureau Tiger/LINE shapefile (https://www.usrgov/geo/maps-data/data/tiger.html}4B.S.
Department of Agriculture National Agricultural StatcstiService Cropland Data Layer (USDA-NASS 2016%:4.S. Geological Survey human
footprint (Carr et al. 2017); %WDAYMET gridded meteorological data (Thornton et al. 2014).

b Was variable a candidate in nest site selection or survivalyais?

¢ Herbaceous cover, live grass heights, and shrub heights eeerected to year-specific median nest initiation datesétection analysis.

9 Herbaceous cover, live grass heights, and shrub heights seerected to expected hatch date for survival analysis.
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variable in nest site selection models to test whether fesnal candidate variables within categories (local vegetation,
avoided signs of heavy livestock use when selecting a nesyirazing, anthropogenic features, and weather; Table 1),
site. Cattle dung pats may persist in arid ecosystems foo up tthen bringing supported variables across categoriestieget
6 years (Lussenhop et al. 1982); therefore, previous yearsb assess their support and estimate effect sizes. In bephb, st
dung pat density represented a relative index of useaegression coefficients for each variable j were the product
integrated over the past several grazing seasons (Milehunaof binary indicator variables yand continuous effect size
et al. 1989). Because dung pats reflect presence of livestockarameters; (Kuo and Mallick 1997, OHara and Silla&@
but not necessarily grazing, we also recorded the number 02009). We used the joint posterior distribution of the vecto
plants exhibiting evidence of grazing during the currersirye w to identify the model with the greatest posterior
from a sample of 100 randomly selected herbaceous plantgrobability—akin to a top model using an information
25 from each quadrant of the plot. Finally, we obtained criterion (e.g., Akaikes Information Criterion; Akaike
grazing records from most landowners to determine whethed 973). Specifically, we used the vecter appearing most
livestock had been present in the pasture at any time duringften across Markov chain Monte Carlo (MCMC) iterations
nesting, and observers recorded livestock presence ar@bse to identify variables in the top model (Converse et al. 2013)
in the pasture at each visit to the nest. Where grazing recordW e included variables in the top model from each categoryin
were lacking or disagreed with field observations, we usedhe final, combined-category model fitting step. We placed
field observations. Bernoulli(0.5) prior distributions on indicator variable
Anthropogenic disturbance.—At nests and available ppintsrepresenting no prior information about individual vak&gab
field technicians recorded distance to the nearest visiblémportance (OHara and Sillag@ 2009). Lastly, we
2-track (primitive dirt) road. We used a GIS coverage to quantified support for variables in the combined-category
estimate distance from each nest or available point to thenodel using Bayes factors (BF), where we calculateq BF
nearest major (gravel or paved) road and to the nearedtising the prior inclusion probability(0.5)nd postoeam
2-track road when field estimates were unavailable. We . . sterio ¥ = TTHE YL i o)
estimated distance to the nearest crop field, excludingmdu_sIon probablllty@ ) ?S B 1/4- 015:31‘@5"
alfalfa, using the Cropland Data Layer (U.S. Department(Smith et al. 2011). The BF is therefore a measure of the
of Agriculture National Agricultural Statistics Service ratio of posterior model weight to prior model weight. A BF
[USDA-NASS] 2016) and parcel boundaries from the of 1 indicates that the data provided no evidence for anteffec
Montana Cadastral Mapping Project (Montana StateOf a variable, a BFLE3.2 is indicative of a variable with
Library 2016). We first built a binary cropland raster Substantial support, and a BF10 indicates strong support
indicating all 30-m cells classified as croplandsi year  (Kass and Raftery 1995). We report Bayes factors and 95%
between 2008 and 2016. We then determined the area diredible intervals (CRI) for all model parameters in the
each parcel classified as cropland and masked out pixels frofi®mbined-category models, conditional on the top model.
the binary cropland raster that were located in parcels with We scaled effect size priors according to the number of
<4ha of cropland. This eliminated small fragments of Parametersin the model at each MCMC iteration such that
cropland that likely arose from misclassification of otteerd ~ We held total model uncertainty constant across candidate
cover classes in the Cropland Data Layer. We then estimatef’9dels. Thus, priors for alf were distributed Normal(0, (V/
the distance from each nest or available point to the neared¥)) ~) where M was the number of non-zero indicator
cropland pixel in the cleaned cropland raster. Finally, sedy  variables and VG amma(3.29,7.8) such that the marginal
a disturbance footprint raster (Carr et al. 2017) to estimat Prior distributions on nest-site selection probabilityctzily
the cumulative amount of anthropogenic disturbance in theh€st survival probability were approximately Uniform[p, 1
landscape surrounding each nest or available point. We took-ink and Barker 2006, Smith et al. 2011). .
the mean percent disturbed from all 90-m pixels within Lkm We fit models using JAGS (version 4.2.0, mcmc-jags.
of the nest or available point. sourceforge.net, accessed 19 Feb 2016) implemented via the
Weather.—W e estimated daily weather conditions experi-funjags package (Denwood 2016) in program R (version
enced by nesting females using the DAYMET daily gridded 3-3-0, www.r-project.org, accessed 3 May 2016). For the firs
meteorological dataset (Thornton et al. 2014). For each nes Step, we identified top models within each category from
day, we extracted total precipitation, minimum temperatur 100,000 samples from 2 independent chains after discarding
and maximum temperature from the DAYMET dataset, the first 20,000 samples from each chain. We based our
estimating values at nest locations using bilinear inteepo  inference from the combined-category model on a total of
tion from the 1-km resolution rasters. We subsequently usedt00,000 samples from 2 independent chains after discarding
these daily precipitation estimates to derive the previoughe first 50,000 samples from each chain. We visually
day’s precipitation and temporal moving window variables assessed convergence and mixing and calculated Gelman-

indicating the total precipitation that fell at a given Igom ~ Rubin convergence statistics (Gelman and Rubin 1992,
in the preceding 2, 3, 4, or 5 days, inclusive. Brooks and Gelman 1997) for all parameters.

Model Selection and Fitting Accounting for Phenology
We used Bayesian methods to implement a 2-step modeRecently, the importance of timing of vegetation measure-
selection and fitting procedure, first selecting from amongment at nests has received considerable attention (Gibson
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etal. 2016, McConnellet al. 2017, Smith et al. 2018b). From |
2011 to 2015, we sampled vegetation soon after we y., [[Bernoulli .S
determined nest fate (i.e., hatch or failure), which induce . ) . .
a significant bias in timing of vegetation sampling between We TOde(;e? daily su_rvwal pro.b?b |I|ty,,t_Sas alfur!;:tll_orll.of
successful and failed nests. In 2016, we changed our field nest- and time-varying covariates using a logit link:

protocol to sample vegetation at expected hatch date [ @ N

regardless of nest fate. Moreover, timing of vegetation logit S;r Yabgh  byXiji b awg dwm
measurement at available points was typically later, on ¥

average, than at nests. We therefore used an approach

from Gibson et al. (2016) to correct for timing-induced ax [IN&;sp
differences in vegetation that could produce misleading

inference regarding either selection for or fithess con- ¢ [N&;sp

sequences of vegetation structure. Specifically, we fitaline here b q q q h-level
models relating all measured vegetation variables to atdin WNere bj¥sw;y and a, and ¢ are year- and ranch-leve
date of measurement to identify variables that changedandom effects included to account for unmeasured temporal
throughout the nesting season because of phenology. Fcﬁnd spatial variation in f_actors assocu’_;lted with nest pgreda
variables displaying a significant trend €F0.05 in (i yr), nsk._We placed f"’%t Unn‘orm[O,S(_)] priors sk ands,._We

we used a fitted linear mixed effects model, with random previously determined that survival did not vary with nest

intercepts and slopes grouped by year to account for annu%‘:;de or date |n_(;h|s c:]ataset (Srrl;:th et al. 2dOl$a)O;itheref(B_fe, W
variation in phenology, to estimate covariate values atd!d NOt consider these variables. We derived an estimate

expected hatch date (survival analysis) or median ordiatal d  ©f a_nnlual n?st sur?cefsTl by dexlptc)anentlar:lng e_stl:”r|1atedh d?'ly
of nest initiation for first nests (selection analysis) as in survival rate from the full model by 37, the typical length o

Gibson et al. (2016). We used these phenologicallyeXposure of sage-grouse nests during laying and incubation
standardized covariate values in model fitting. (Schroeder et al. 1999).

Nest Site Selection Model Assessing Model Fit . -
We fit used-available resource selection function (RSF'We performed posterior predictive checks (Gelman et al.

Manly et al. 2002, Johnson et al. 2006) models using thé1996' 2014) of our final nest site selection and nest survival
logit-link to relate measured covariates to usedi(y) or models to determine whether the models could faithfully

available sites (y40). We included onlyfirst nestsin the used "€Produce our observed data. Also called Bayesian P-values

sample because birds may alter nest site selection folgpwin POSterior predictive checks are essentially goodnedst of-
nest predation (Marzluff 1988, Chalfoun and Martin 2010). tests for Bayesian models that compare an attribute of the
We enforced separate intercepgsfor each breeding season obsgrv:d datda Itcc)i th_at of data generated by_the model. fWef
k to account for varying prevalence of used nests across yeau"Ise the madel deviance, D, as a test statistic to assess fit o

because prevalence was a design parameter rather thanta€ Nest site selection model (Broms et al. 2016). We
random variable. Eor each site. i- calculated the proportion of MCMC samples (s) for which

the observed deviance,
y, [EBenouliidp; P

X
Dsv.[i2  logdyjw; up

and we modeleg; as a function of P covariateg;Xor j %41, v

2,...P:
was greater than the deviance calculated from new data
0gitEpibYs by x° b b it predicted by the model%.
jval 3
D%y, [2 Iogé?i'jw; up
d¢ CiNeos,p i
We used the number of hatched nests to assess fit of the
nest survival model. Drawing from the joint posterior
distribution, we calculated daily survival probabiliti§g for
each observed nestion dayt from the first date of observation
to 27 days after the estimated incubation initiation date,
Nest Survival Model reflecting the typical incubation period. We predicted the
Nest encounter histories consisted of observed nest statesoutcome, hatghof each nest by taking successive Bernoulli
for each day t of observation, wherg ¥1 if nest i was  draws of nest statg yfrom S, until y;; %0 (failed nest) or
observed alive on day t; y%40 if nest i was observed to have until tYestimated hatch date (hatched nest). We then
failed (female absent and some or all eggs destroyed), andalculated the proportion of MCMC samples for which the
yit¥aNA on days when nest state was not observed.observed number of hatched nests was greater than the
Beginning on the first day after the nest was detected, predicted number. Values near 0.5 indicate the model

where b;%aw;y and d- are ranch-level random effects to
account for unmeasured factors affecting suitability or
accessibility of ranches for nesting. We placed a flat
Uniform[0,50] prior ons,.
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generated data similar to our observations, whereas valuesver, farther from major roads but closer to 2-track roads
<0.05 or>0.95 suggest a poor fit (Broms et al. 2016). relative to available points (B¥ 3.2; Table 2 and Fig. 2).
Avoidance of high densities of previous years’ cow pats
RESULTS received weak support (B%2.5; Fig. 2), and evidence for
We located and determined the fate of 501 nests from 25&election for greater live grass height was equivocal
captured females from 2011-2016. We removed 4 nests froniBF ¥21.4). The posterior predictive check of the top nest
the survival analysis because of early, likely observelured  site selection model indicated good model fit/4P.52).
abandonment (Gibson et al. 2015) and removed 2 nest]ost syrvival
because we found them after predation had occurred. Ofth@ | ~ondition indices were< 5, so we did not remove any

remaining 495 nests, 2 nests (0.4%) were abandonedangidate variables before model fitting. The top local
following predation of the female while off the nest, 10 vegetation model contained effects of nest shrub volume and
nests (2.0%) were abandoned for unknown reasons, 228gnesced grass height. The top anthropogenic disturbance
(46.3%) hatched at least 1 egg and were classified ag,,q4e| contained only In(distance to major road). The top

succgssful, and_predators destroye_d 254 nests (51.3% razing model contained only the proportion of plants
Median clutch size was 8 eggs for first nest attempts andy ;64 The top weather model included total rainfall over a

7for5e(_:ond and third nest attempts. W hen fitting localescal 5-day period. Delayed measurement of vegetation in 2011
vegetation models, we excluded 2011 data because Qfas not a major concern because the only herbaceous
extremely delayed vegetation measurement. vegetation covariate in the local vegetation model was
Nest Site Selection senesced grass height, which should be largely unaffegted b
After excluding renests, we used 353 nests and 710 availablphenology. Thus, we used all nests#d95) to fit the
points for the nest site selection analysis (see Table S3combined-category model. We included visual obstruction a
available online in Supporting Information for means and the nest shrub because it appeared in 2 local vegetation
SDs of variables). Live grass height, herbaceous cover, andhodels with model weights nearly equal to the top model
shrub height displayed significant temporal trendd (Table S2, available online in Supporting Information) and
year, so we made corrections to these variables before modélad a mean posterior inclusion probabil#y0.5. The top
fitting. All condition indices were<5, indicating multi-  combined-category model included nest shrub volume,
collinearity was not problematic. Nest shrub volume, Visua senesced grass height, proportion of plants grazed, In
obstruction at the nest, shrub cover, and live grass heigh{distance to major road), and total rainfall over a 5-day
appeared in the top local vegetation model (Table S1period. Daily nest survival was positively associated with
available online in Supporting Information. The top gragin greater distance from major roads and negatively assdciate
model contained only previous years’ cow pat density. Thewith precipitation over a 5-day period, whereas evidence fo
top anthropogenic disturbance model contained In(digtancthe effect of taller senesced grass, nest shrub volume, and
to major road), and In(distance to 2-track). The top proportion of plants grazed was weak (BR3.2; Table 3).
combined-category model included all variables from top Variation in daily survival rates among yeasg ¥40.34, 95%
categorical models, but Bayes factors indicated mixedCRI1%0.11-1.06) was approximately 5 times greater than
support (Table 2). Females selected larger nest shrubgariation among ranches(%0.07, 95% CR¥20.00-0.24).
with less visual obstruction, surrounded by greater shrubHolding all covariates at their mean value, mean daily

Table 2. Coefficient estimates and Bayes factors from atiogisgression model describing effects of local vegetatiivestock grazing, and anthropogenic
disturbance on nest site selection of greater sage-grausenitral Montana, USA, 2011-2016.

Posterior distributioh

Category Variable BF Lower 95% CRI Median Upper 95% CRI
Intercept[2012] (.45 (.01 .57
Intercept[2013] [[0.84 [[0.36 0.12
Intercept[2014] (.32 [[d.85 [[.40
Intercept[2015] (.58 .12 [D.68
Intercept[2016] [H.00 [[0.54 [[d.08
s; (ranch-level variation) 0.44 0.89 1.51
Local vegetation Nest shrub volume 18,180.8 0.25 0.41 0.58
Visual obstruction at the nest shrub e [[0.36 .20 [[0.04
Shrub cover > 200,00@ 0.30 0.44 0.60
Live grass height 15 [0.01 0.16 0.32
Grazing Cow pat density (previous years) 55 [[0.33 [[0.17 [@.02
Anthropogenic disturbance In(distance to major road) 77s. 0.16 0.33 0.50
In(distance to 2-track) 563 (.38 [E0.24 [0.10

3 BF Y. Bayes factor; BF values with an asterisk indicate variabfgsearing in the top model.
b Median, lower, and upper credible intervals (CRI) are ctindal on the top model.
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Figure 2. Predicted relative probability of use and 95%itredntervals among factors influencing nest site seledtigyreater sage-grouse in central Montana,
USA, 2011-2016. Histograms represent covariate valuesunaa at available sites ¥710).

survival rate of nests was 0.971 (95% CR0.953-0.979).  of our study. Considered alongside our finding that spatial
Nest success, assuming 37 days of exposure (Schroeder et géiriation in nest survival among ranches was minor compared
1999), was 33.3% (95% CRA16.7-46.1%). When we to annual variation (Table 3 and see Smith et al. 2018a),
removed the anomalous 2011 data (Fig. S1) from the meawariation in grazing management in our study area appears to
of the precipitation covariate, estimated daily survivaler  have only minor effects on sage-grouse nesting ecology.
and nest success were 0.972 (95% @RI.955-0.980) Rather, structural characteristics of the shrub commuamty
and 34.6% (95% CRY¥418.3-47.0%), respectively. The top anthropogenic features were the primary drivers of nest sit
combined nest survival model had a Bayesian P-value of 0.46selection, whereas periods of prolonged heavy rainfall and
indicating good model fit. proximity to gravel and paved roads had the largest effect on
daily nest survival.
DISCUSSION W e found little evidence that variation in livestock gragin
We found little evidence for the hypothesized indirect and or its effects on herbaceous vegetation was associated with
direct effects of livestock grazing that were the primaigu®  nest site selection. There was weak support for avoidance of

Table 3. Coefficient estimates and Bayes factors from atiogisgression model describing effects of local vegetstiovestock grazing, anthropogenic
disturbance, and weather on daily survival rates of gresige-grouse nests in central Montana, USA, 2011-2016.

Posterior distributioh

Category Variable BE Lower 95% CRI Median Upper 95% CRI
Intercept 3.00 3.50 3.86
Sk (year-level variation) 0.11 0.34 1.06
s, (ranch-level variation) 0.00 0.07 0.24
Local vegetation Nest shrub volume e [@.01 0.12 0.27
Senesced grass height Elg [[.00 0.14 0.29
Visual obstruction at the nest shrub 0.3
Grazing Proportion of plants grazed I6 [@.20 [@.10 0.01
Weather Precipitation (5-day sum) 2260 [[.30 [[@.20 [[.09
Anthropogenic disturbance In(distance to major road) X 0.03 0.16 0.28

3 BF Y4Bayes factor; BF values with an asterisk indicate variabfgsearing in the top model.
b Median, lower, and upper credible intervals (CRI) are ctindal on the top model.
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Figure 3. Predicted daily nest survival and 95% crediblerivetls among factors influencing daily survival rate of geeaage-grouse nests in central Montana,
USA, 2011-2016. Histograms represent frequency of caeavialues in the dataset.

sites with a high density of previous years’ cow pats, but thecorrelation between annual mean nest survival and annual
effect size was small. Though such an association mighg arismean senesced grass height at nests (Fig. 5) is further
through avoidance of areas of reduced height of senescedvidence of the biological insignificance of this effect.
vegetation from previous grazing, we considered height ofOverall, hypothesized links between grazing, hiding cpver
senesced grass as a candidate variable in the nest sitesselec and nest success were largely unsupported. Livestock
model and it was unsupported. Regardless of the mechanismrazing, as conducted across our study area, appears to be
underlying this association, preferred sites do not apfear compatible with maintaining nest success rates typical of a
be limiting; we counted zero previous years' cow pats at 60%stable population (Taylor et al. 2012). This conclusion is
of available sites (Fig. 2). Furthermore, cattle likely igheml corroborated by the observation that median high male
areas characteristic of nesting habitat; cow pat counts andounts on area leks more than tripled during a stretch of
shrub cover were negatively correlated at available pointsears, 2014-2016, characterized by favorable weather.
(rvs[£0.16, P< 0.001). Although selection of sites with  Though precipitation has been positively linked to
greater live grass height appeared in the top combinegopulation growth in sage-grouse in the Great Basin
selection model, a BF of 1.4 was well under the threshold of(Blomberg et al. 2012), we found extended periods of heavy
3 that Kass and Raftery (1995:777) consider evidentialprecipitation strongly reduced nest success (Fig. 3). Our
strength “not worth more than a bare mention.” study area experienced large precipitation anomalienduri
Similarly, none of the proposed grazing variables werethe first 2 years, with 2011 (wet) and 2012 (dry) rivaling or
strongly associated with nest success. Proportion of plantbreaking precipitation records dating to the 1940s (Fig. S1
with evidence of grazing appeared in the top combined
survival model, but support for the effect was equivocal
(BF¥41.6; Table 3). Though initial model fitting without
correcting for phenologically induced differences in gras Sdtemed or resiod
height (Gibson et al. 2016, McConnell et al. 2017) pointed M Grazed
to a strong, positive association between the height ofgsas
around the nest and nest survival, this association broke
down once we made appropriate corrections (Smith et al.
2018b). We did, however, find some support for a positive

| |
association between senesced vegetation height and daily 7 |
nest survival (Fig. 3). Although evidence for this assacrat
was weak (BF/42.8), this suggests senesced herbaceous . |
vegetation may play some role in concealing nests from
predators. A closer examination of the estimated effeet siz
for this parameter may explain why we failed to detect effect ’
of local grazing indices in spite of this. The standard
deviation in senesced grass height among nests was 5.8 cm;
thus, the estimated coefficient for senesced grass height 5
indicates a 1-cm increase in height was associated with a ‘ '
2.4% increase in the odds of daily nest survival. Given that
the difference in senesced grass height between nests in Year
grazed pastures and nests in pastures without evidence of _ .
current years grazing was 1am (Fig, 4), we would not FI0018 . et stosses e s it e
expect grazing to measurably affect nest outcomes througlﬁ

) - ) entral Montana, USA, 2011-2016. Inter-annual variatitsiven primarily
its effects on vegetation height. The apparent lack ofby precipitation, was substantially greater than the eftégrazing.

20 —

Senesced grass height (cm; X+ SE )

2011 2012 2013 2014 2015 2016
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0.8 — major roads may include reduced ability to detect approach-
ing predators over ambient road noise (Blickley et al. 2012)
or increased nest predator abundance or efficiency faeiita
0.6 by the power lines, culverts, and roadkill that often
accompany major roads. The latter mechanisms seem
most plausible in our study area because most roads in
this class served primarily as travel routes for area rarsche
and therefore experienced low traffic volume. Greater
s support for log-transformed distance to major roads ingplie
0.2 o negative effects on nest site selection and nest survival
diminish after 1-2km (Figs. 2 and 3). Still, areas far from
major roads are uncommon in our study area and in
0.0 — sagebrush landscapes in general (Naugle et al. 2011), and
even a 1-km effect distance represents a substantial fabtpr
for these long, linear features.
Senesced grass height (cm; X+ SE ) We found strong support for apparent selection of sites
closer to 2-track roads (T able 2), which was contrary to our
Figure 5. Estimates and 95%cre_dib|e intervals of annuahmest success expectations. This may reflect a true behavior, but we can
of greater sage-grouse nests in central Montana, USA, 201b- ) . .
Estimates are from a model with only an intercept and randtiectfor  think of 2 conflating factors that could have produced this
year and assume an average exposure period of 37 days (16¥ tijsg and result. First, this pattern may simply reflect that terrain
2h7 daystowvilllbzlttiﬁgﬁ- Vr\‘/f\fN fg?gzl;fdef\ilv QZEZLO“ iﬁ??ife;\@mg;j g]f characteristics selected by nesting females are simitardse
tse?\ensiZd graés heigh? on daily nest surviv:fl,pthe substzntér-annual conducwg to Ve_hI_CIe travel (i.e., flat OI’ ge”“e terrain).
variation in senesced grass height at nests did not comesgosely with ~ Second, if technicians had greater familiarity of localdoa
annual patterns in nest success. networks surrounding nests, which were typically visited
several times for monitoring purposes, than random sites,
which were visited only once, then they may have been more
National Centers for Environmental Information 2017). adept at locating the nearest 2-track road to nests. Because
These extremes likely contributed to the prominence of thenot all 2-track roads appear in the GIS coverage, this could
precipitation effect in our model. In a post hoc analysis, in easily induce a bias whereby field-recorded distances tende
which we omitted 2011 nests from the combined-categoryto be shorter for nests than random points. In a post hoetest i
nest survival model to determine how much this extremelywhich we fit the combined selection model using only
wet year influenced our estimate, we found the effect ofdistances calculated from the GIS roads layer and ignoring
precipitation diminished but still supported (B#5.6, field-recorded distances, the apparent selection for pribyi
estimates[20.16, 95% CRM[0.29 to [(0.03). Thus, to 2-track roads diminished and became statistically
although weather may exert weaker effects on nest successonsignificant (BR40.25, estimat&s[0.03, 95% CRV:
in years of historically typical nesting season rainfall, [:0.18-0.11). Considered alongside our finding that proyimit
increased frequency of extreme precipitation events acrosto 2-track roads was not related to nest survival, our result
much of the United States over the past several decades mayiggest 2-track roads were benign features for nesting sage
be cause for concern (Karl and Knight 1998). Sage-grousgrouse.
populations east of the Rocky Mountains, where major Given the established negative association between
rainfall events are more likely to coincide with incubatemd  cropland and lek occurrence and persistence at broad scales
brood rearing when grouse are most sensitive to exposur@Aldridge et al. 2008, Smith et al. 2016), we were surpriged t
(Fig. 1, inset), may respond differently to annual preeipit find no evidence for avoidance of cropland or negative effect
tion than those in the Great Basin, which receives most ofof proximity to cropland on nest survival. Lek sites reflect
the annual rainfall in winter. availability of nesting habitat in the surrounding langsea
Similar to other prairie grouse, negative effects of (Gibson 1996) and lek persistence is compromised in
anthropogenic features on sage-grouse appear to be commdegndscapes with even small incursions of cropland. For
(Naugle et al. 2011, Hovick et al. 2014). Avoidance of example, 98% of active leks in the western portion of
anthropogenic structures, including roads, by nestingfesn  the range were found in landscapes witR5% cropland in a
has been demonstrated (Lyon and Anderson 2003, Dinking-km radius (Knick et al. 2013) and 96% of active leks in the
et al. 2014) and our study adds to a growing list reportingnorthern Great Plains had 15% cropland within 3.2km
negative fitness consequences of nesting near anthropogeniSmith et al. 2016). Spillover effects (Schneider 2001pfro
features (Holloran et al. 2005, Aldridge and Boyce 2007, cropland into surrounding rangeland seem plausible becaus
Webb et al. 2012, LeBeau et al. 2014). Major roads appearedommon nest predators such as ravens appear to benefit from
to be the feature most responsible for negative effects orcropland (Engel and Young 1992, Coates et al. 2016). We
nesting grouse in our study area; the cumulative distuanctherefore expected to find edge effects of cropland on qualit
footprint was a poorer predictor of both nest site selectionof nesting habitat. Instead, although we did not observe any
and nest survival. Reasons for reduced nest survival neamnests in cropland, habitat near cropland edges was used in
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proportion to its availability and afforded nest succesega Aldridge, C. 2005. Identifying habitats for persistencgiater sage-grouse
similar to interior habitat. The mechanisms responsibie fo (Cemf?{:_folus Ufopga:af:us) "CJ Alberta, ?ZTbada- 'E'jmt%v'mg'

} . o mental Biology and Ecology, University o erta, Edmontd anada.
t,he broad _Scale effect of cropland on sage_ grpuse dIStrIbuAldridge, C. L., and M. S. Boyce. 2007. Linking occurrencel dithess to
tion are still poorly Un_derStOOd' but our findings do no-t persistence: habitat-based approach for endangerecegszage-grouse.
support the hypothesis that edge effects reduce nestingEcological Applications 17:508-526.
habitat quality in areas fragmented by cropland. Nonesisgle Aldridge, C. L., S. E. Nielsen, H. L. Beyer, M. S. Boyce, J. Worelly,
cropland conversion amounts to loss of nesting habitat, > ' Knick, and M. A. Schroeder. 2008. Range-wide pattefrseater

_p . 9 o ' sage-grouse persistence. Diversity and Distribution883+:994.
which no doubt contributes to the broad-scale sensitivity 0 gajley, D. W., and G. R. Welling. 1999. Modification of catgazing

populations to cropland. distribution with dehydrated molasses supplement. JéuoheRange

Management 52:575-582.
MANAGEMENT IMPLICATIONS Beck, J. L., and D. L. Mitchell. 2000. Influences of livestagiazing on sage
. o . grouse habitat. Wildlife Society Bulletin 28:993—-1002.

We found little indication of short-term negative effecfs 0 Belsley, D. A., E. Kuh, and R. E. Welsch. 1980. Regressiogrdiatics.
livestock grazing, as conducted in our study area, on rgstin Wiley, New York, New York, USA.
habitat quality. Management interventions such as restBlickiey. J. L., D. Blackwood, and G. L. Patricelli. 2012. fiatimental

. . . . evidence for the effects of chronic anthropogenic noisetmmdance of
destocking, or delaying turnout until after the nestingseea greater sage-grouse at leks. Conservation Biology 264l
therefore appear unlikely to increase nest success in thiglomberg, E. J., J. S. Sedinger, M. T. Atamian, and D. V. Nor@4.2,
region. We urge caution in extrapolating our findings owsid Characteristics of climate and landscape disturbance einfie the

; ; ; dynamics of greater sage-grouse populations. Ecosph@&ys.-320.
the northern Great Plains, however, as vegetation in othe oyd. C. S, J.L. Beck, and J. A. Tanaka. 2014, Livestockiggand sage-

regions OCCUpIQd by sage-grou_se, such ‘?S t_he Great B_asmgrouse habitat: impacts and opportunities. Journal of Bland Applications
may respond differently to grazing. Our findings regarding 1:58-77.
the importance of shrub cover to nesting sage-grouse a|ig,$roms, K. M., M. B. Hooten, and R. M. Fitzpatrick. 2016. M odelection

with other research from across the range (Hagen et aI.2007)i";gg_""ls7s$gsmem for multi-species - occupancy models. Bydiog

and suggest that sh.ru.b_ Comr(_)l (e.g., to increase forag@rooks, S. P., and A. Gelman. 1997. General methods for roong
production or accessibility) is likely to reduce preferred convergence of iterative simulations. Journal of Compatal and
nesting habitat. Among common economic activities in CGT?F’IZ'CS' itai'gﬂ‘isA7543;_“—;‘_55- the lineintercent mah i
S . . anfield, R. H. . Application of the line-intercep n sampling
sagel_:)rush ecosystems,_ ranching is associated with thetlowe range vegetation. Journal of Forestry 39:388-394.

density of anthropogenic features such as roads (Naugle et acarr, N. B., 1. 1. F. Leinwand, and D. J. A. Wood. 2017. A mutie index
2011). In this region, where land is predominantly under of landscape intactness for the western United States: Ge®logical

private ownership and cropland conversion poses an ongoingi‘)”l‘iezJ ‘;%tf‘?re'ease- https://dx.doi.org/10.5066/F75BWD Accessed
u .

threat ,to,popmatl,or,]S (Smlth et al. 2016)’ land uses thatChalfoun, A. D., and T. E. Martin. 2010. Facultative nestcpashifts
maintain intact, minimally-roaded native shrublands $tiou  in response to nest predation risk in the Brewer’s sparrotwira: stay,

be encouraged to ensure the long-term conservation of lose-switch” strategy? Oecologia 163:885-892.

; ; ; _ Chambers, J. C., B. A. Roundy, R. R. Blank, S. E. Meyer, and Aitvdker.
productlve hesting habitat for Sage-grouse. 2007. What makes Great Basin sagebrush ecosystems ievagiBromus
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